A series [C 3 Omim][X] of imidazolium cation-based ILs, with ether functional group on the alkyl side-chain have been synthesized and structure of the materials were confirmed by various techniques like 1 H,
Introduction
The continuous increase in the concentration of carbon dioxide (CO 2 ) which is one major green house gases (GHGs) responsible for global warming has become a world wide issue. [1] [2] [3] [4] [5] As long as coal, petroleum and natural gas are used as the primary source of fuel, the production of CO 2 is inevitable. Therefore, the global demand is the development of economically viable CO 2 capture and separation processes to reduce the concentration of CO 2 and achieve sustainable environment.
The current leading technology involves chemical separation of CO 2 by aqueous amine solutions. [6] [7] [8] [9] [10] [11] [12] [13] [14] Even though these amine-based methods are highly efficient for CO 2 capture, there are several concerns like; corrosion, loss of amine due to their volatile nature, degradation of amines by sulphur containing compounds and oxidative degradation of amines in presence of oxygen. [15] [16] [17] These drawbacks lying in the alkanolamine absorption process hinder the industrial application.
In this context, ionic liquids (ILs) 18 can be a promising nominee to replace the conventional candidates. Their negligible vapor pressure, wide range of polarities, broad liquid range, significant thermal and chemical stability and capability to dissolve CO 2 through a physical interaction make them an attractive candidate for CO 2 capture. The properties of ILs can be finely tuned by carefully selecting the cations and anions and specific properties can be achieved. 19 Due to this aptness for the fine tuning of their properties through endless combination of cations and anions and functional moieties the ILs can be deemed as "designer solvent". These promising strategy, leads to the synthesis and development of task specific ionic liquids (TSILs) for a specific requirement. They can be used as solvents for gas absorption operations in order to improve the process economy and general efficiency of gas separations. The separation of CO 2 through a physical interaction is particularly attractive since the stripping of CO 2 from ILs can be achieved at milder condition as compared to aqueous amine based solution. The class of imidazolium ILs is used in a wide variety of applications due to their attractive physical and chemical properties, like air and moisture stability, low flammability, thermal stability, negligible vapor pressure, being liquid over a wide range of temperature, wide electrochemical windows, high conductivities and ionic mobilities, easy recycling, tunable miscibility with water and organic solvents, and being a good solvent for a variety of organic and inorganic compounds. 27 reported four hundred and eight kind of ILs, with 24 cations and 17 anions, after screening to find promising candidates in CO 2 capture, by using the conductor-like screening model for real solvents (COSMO-RS) method. Huang et al. 28 proposed that in conventional ILs, CO 2 is absorbed by occupying the free space between the ions, high pressure is needed in the physical absorption, and the absorption capacity is relatively low. Bates et al. 29 acquired another tactice and modified cation by attaching an amine group to achieve so called task specific ionic liquid(TSIL) to improve the absorption capacity of ILs. N), sodium trifluoromethylsulfonate Na(TfO), sodium dicyanamide (Na(DCA) were supplied from Sigma-Aldrich and used without further purification.
Synthesis of Ionic Liquids. A previously reported methodology 40 was used for the synthesis of these ionic liquids. Alkylation of 1-methylimidazole with an alkyl halide is followed by halogen (Cl or Br) exchange with slight excess (1.1 equiv) of NaBF 4 , KPF 6 , Li(Tf 2 N), Na(TfO), Na(DCA) in order to reduce the amount of remaining halogen content.
Synthesis of [
. Chloroethylmethylether (85 mL, 0.93 mol) and 1-methylimidazole (50 mL, 0.63 mol) were added to a round-bottomed flask fitted with a reflux condenser for 24 h at 80 ºC with stirring. The product was washed with diethyl ether (4 × 25 mL), heated at 80 ºC and stirred under vacuum (0.5 mmHg) for 2 d. The product was obtained as a slightly yellow liquid which solidified on cooling (83% yield) with water content of 3.84 µg (H 2 O) mL −1 (RTIL). 152 mol) was transferred to a plastic Erlenmeyer flask (250 mL). Acetone (150 mL) was added followed by NaBF 4 (19.00 g, 0.17 mol). This mixture was stirred at room temperature for 24 h. The resulting waxy solid precipitate was collected by filtration and washed with acetone (2 × 100 mL). The organic layer was collected, dried (MgSO 4 ), filtered and the solvent removed in vacuum to give the product (91% yield) as a light brown liquid; water content of 2.68 µg (H 2 O) mL −1 (RTIL). Characterization.
1
H and
13
C NMR spectra were obtained using a Bruker Avance-500 FT-NMR Spectrophotometer and acetone -δ 6 was used as solvent. The Chemical shift values are reported in ppm with respect to TMS internal reference. The mass of the samples were measured on a Hewlett Packard 1100 Series, Mass Spectrophotometer, Agilent 1200 Series. The FT-IR spectra were recorded on Thermo, Model: Nicolet 6700. The elemental analysis (C, H, and N) was performed at the Thermo Finnigan Flash EA-2000 Elemental Analyzer (EA) . The water content in the ILs was detected by Karl-Fischer titration (Mitsubishi Chem., model CA-07). All the salts were tested after vacuum drying at 70-100 ºC for 24 h. The TGA was performed on a thermal analysis system (Mettler Toledo, Model: TGA/SDTA 85 1e). An average sample weight of 5 mg was placed in a platinum pan and heated at 10 ºC/min from ca. 30 to 100 ºC under a flow of N 2 . The density of the liquid salts was approximately determined by measuring the weight of 1.0 mL of the salt three times at 25 ºC. The viscosity was measured with a viscometer (Brookfield, model DV-III+) using 0.6 mL sample at 10, 20 and 30 ºC.
CO 2 Absorption Isotherm Measurement. The carbon dioxide absorption isotherm measurement was performed at 30 and 50 ºC based on an isochoric saturation technique. The main composition of the apparatus includes a gas reservoir, a thermostat, a pressure gauge, an isochoric cell, a vacuum pump, and a magnetic stirrer. The temperature was determined with two calibrated platinum resistance thermometers placed in the heating jacket of the cell with an uncertainty below ± 0.1 ºC. The uncertainty of the pressure gauge is approximately ± 0.001 bar in the experimental pressure range. In a typical experiment, about 2 mL ILs was loaded into the isochoric cell, the air in the system was eliminated by vacuum pump, then CO 2 was charged into the cell from the gas reservoir and the ionic liquid was stirred. The system was considered to have reached equilibrium if the pressure of the system had been unchanged within 2 h. The mass of the cell was determined with an electronic balance (Sartorius BS224S) with an uncertainty ± 0.0001 g. The solubility of carbon dioxide in the ionic liquid was determined by the shifted quality of the isochoric cell.
CO 2 Absorption Mechanism Verification. The mechanism of CO 2 absorption in this report is investigated by FTIR spectroscopy and
C NMR spectroscopy of CO 2 absorbed ILs. The same instruments were used which were used for characterization of materials.
Results and Discussion
The chemical structures of the ILs [C 3 Omim][X] synthesized and studied in the present work are presented in Figure  1 The various components of ILs, density and viscosity of ILs of the series [C 3 Omim][X] are reported in Table 1 .
Generally, the density decreased with the length of 1-alkyl(alkyl ether) chain in cation increased, with a constant anion, for example, keeping the [
+ based ILs is a little higher than those of the similar [C m mim]
+ based ones i.e., (C 2 O > C 3 ) and (C 3 O > C 4 ). 39, 40 These trends are consistent with the reported observations in other ILs with imidazolium cations. On the other hand, with a constant cation, the density decreased with increasing the bulkiness of the anion. The density data for ILs are reported in Table 1 .
The trend observed for the density of the [C 3 Omim][X] are as follows for different anions:
Therefore, the density values of ILs are in good agreement as expected. These results indicate that the densities of these ionic liquids can be fine-tuned with slight structural changes in cation and anion. The viscosity of an ionic liquid is essentially determined by their tendency to form hydrogen bonds and by the strength of van der Waals interactions (dispersion and repulsion), being strongly dependent on the anion type. 41 For the imidazolium ILs, longer alkyl chains on the cation result in an increase in viscosity due to stronger van der Waals interactions whereas delocalization of the charge over the anion seems to favor lower viscosity by weakening hydrogen bonding with the cation. [41] [42] [43] [44] [45] [46] [47] [48] [49] In addition, an anion combined a good charge distribution and a flat shape (e.g., [F(HF) 2 ) usually produces high-viscous and/ or high melting salts in spite of its weak coordinating ability. The viscosity data for ILs are reported in Table 1 .
The trend observed for the viscosity of the ILs are as follows for different anions: anions. All this results suggest that, in search of low-viscous ILs, we should not only focus on weak coordinating ability of the anion, but the shape (symmetry) and size of the anion should also be taken into consideration.
CO 2 Absorption Isotherm Measurements. The absorption isotherm of CO 2 in different ILs were determined at 30 and 50 ºC at ambient pressure ( Fig. 2 and Fig. 3) . It was noted that ether functionalized ILs shows significantly high absorption capacity for CO 2 . The CO 2 absorption capacity of ILs increased with a rise in pressure and decreased when temperature was raised. Results showed that absorption capacity reached about 0.9 mol CO 2 per mol of ILs at at 30 ºC. The CO 2 absorption capacity of ILs for different anions follows the trend:
Until now, two views have been established to explain the effects of anion on the solubility of CO 2 in ILs. The first view states that anion played the major role in CO 2 solubility in ILs and anions that contain fluoroalkyl groups were found to have some of the highest CO 2 solubility. 55, 56 Whereas, the second view states that the solubility of CO 2 in ILs is dictated by the cation-anion interaction, while CO 2 -anion interaction is secondary. Moreover, a good correlation between the cation-anion binding energy and CO 2 solubility indicates that weaker cation-anion interaction is the dominant factor responsible for the higher CO 2 solubility. 57 This conclusion seems reasonable since weaker cation-anion pair interactions allows easier expansion of the lattice and more CO 2 insertion into interstitial space (or free volume) is possible. Our result show that the anions that contain fluoroalkyl groups were found to have highest CO 2 solubility, and as the quantity of fluoroalkyl groups increased, the CO 2 solubility also increased. In Tf 2 N anion comprising IL, due to good charge distribution and irregular shape, Tf 2 N anioncation interaction is very weak. Therefore maximum expansion of lattice takes place and highest CO 2 absorption capacity is reported. The CO 2 absorption capacity of TfO anion comprising IL is a little less than Tf 2 N anion comprising IL. Since the charge distribution is slightly less and due to its little regular shape the TfO anion -cation interaction is a little stronger, so a little less CO 2 absorption capacity is reported than Tf 2 N containing IL. But due to complete lack of any charge distribution and by virtue of its symmetrical structure, PF 6 anion -cation interaction is of moderate strength, shows lower CO 2 absorption capacity than Tf 2 N and TfO comprising ILs. And finally, a little higher CO 2 absorption capacity is obtained in DCA comprising IL as compared to BF 4 comprising IL. This is due to the reason that in DCA comprising IL, very good charge distribution occurs and its flat shape results a weak anion -cation interaction. In BF 4 anion comprising IL, the anion -cation interaction is a little stronger due to complete lack of charge distribution and symmetrical structure, hence minimum CO 2 absorption capacity is reported. These results and trend are in good agreement with previous reports.
Mechanism of CO 2 Absorption. The interaction of CO 2 with different ILs were investigated using FTIR and FTIR spectra of CO 2 absorbed ILs (Fig. 4) shows two new peaks appeared around 1700 cm −1 and 1405 cm −1 for (=C=O str ) and (-O-H in plane bend ) of the carboxylic acid. The
13
C NMR spectra of carbondioxide absorbed ether functionalized ILs are shown in Figure 5(a-e) . The NMR spectra of all the ILs shows a new peak is appeared around δ 200-210 ppm. This peak is attributed to carbonyl carbon atom of the formed carboxylic group after absorption of CO 2 by ILs.
Based on this analysis, it can be concluded that absorption process of CO 2 by ether functionalized ILs is a chemical process. This indicates that the lone pair of electrons on oxygen atom of the ether group attack as a nucleophile on the carbon atom of CO 2 and leads to the formation of carboxylic acid. The detailed mechanism is presented in Figure 6 . This indicate that one mole of CO 2 reacts with one mole of ILs. This type of mechanism, also called 1:1 mechanism were also reported by previous researchers in case of amine tethered to anion of the ILs.
33,38
One interesting point is to note that the maximum absorption of CO 2 is 0.9 mol carbon dioxide per mol of ILs at 30 ºC at 1.6 bar pressure. The maximum CO 2 absorption capacity was not achieved here possibly due to the high viscosity of the ILs, which increased even further after CO 2 absorption. The viscosity of ILs decreases dramatically as the temperature increases. An important feature of the absorption process is that the viscosity of the liquid phase increases rapidly due to the formation of a hydrogen-bonded network. Previous studies also noted the non-ideal absorption properties of CO 2 in the TSILs due to the viscosity. Some researchers suggested that the viscosity during the absorption process could be controlled to a significant degree either by decreasing the number of hydrogen atoms available on the anion for hydrogen bonding, or by adding an organic solvent or water. Either approach would be expected to yield ideal absorption properties in ILs. From a practical perspective, the addition of organic solvents or water may not present the best option because these solvents are volatile. An alternative approach must be developed in an effort to address the viscosity problems. The other important reason underlying the failure of ILs to achieve a maximum CO 2 absorption capacity may be the presence of impurities.
Thermal Stability and Recycle of ILs. Thermal stability of the ether functionalized ILs have been studied by TGA in nitrogen environment (flow rate 20 mL/min), heating rate 10 ºC/min. Results shows that there is no considerable weight loss upto 100 ºC that means all ILs are stable under experimental conditions (30, 50 ºC). The CO 2 saturated ILs were heated at 70 ºC or under 20 Pa vacuum to desorbed CO 2 and repeatedly used for 10 cycles continuously. The result shows (Fig. 7) that there was no significant change in the CO 2 capture capability of ILs.
Conclusions
A series [C 3 Omim] [X] of hydrophobic, chemicallythermally stable ILs have been synthesized, characterized and the CO 2 absorption capacity were evaluated at ambient condition. The absorption capacity reaches 0.9 mol CO 2 per mol of ILs at ambient pressure. The maximum CO 2 absorption is shown by ILs having [Tf 2 N] anion. Since the extent of fluoroalkylation is maximum in this anion as compared to the other anions, so maximum absorption is achieved. The absorption mechanism investigated by FTIR spectroscopy and 13 C NMR spectroscopy proved that the absorption is a chemical process. The absorbed CO 2 can be easily desorbed by heating at higher temperature or under vacuum and can be repeatedly used. Hence, these ether functionalized ILs are selective, thermally stable, long life operational, a promising candidate for CO 2 capture.
